1. Background {#sec0005}
=============

Widespread use of antibiotics and the related non-compliance, improper medication and over-prescription have triggered resistance among bacteria against antimicrobial agents and today antimicrobial resistance is a growing global concern. Drug resistance is expanding at an alarming rate, for example, from 1987 to 2004, the percentage of penicillin resistance among *Streptococcus pneumoniae* infections that causes meningitis and pneumonia has grown from 0.02% to 20%, a staggering 1000 fold increase [@bib0005]. It has also been reported that in the United States the percentage of Vancomycin-Resistant *Enterococci* (VRE) strains has increased from 0.3 to 7.9% between1989 and 1993. In 2004, about 30% of the infections in hospital intensive-care units were caused by VRE strains (<https://www.niaid.nih.gov/research/vre-overview>). In recent years, the emergence of multidrug-resistant pathogenic strains have been reported. For instance, about 440,000 new cases of multidrug-resistant tuberculosis (MDR-TB) appears annually which causes at least 150,000 deaths [@bib0010], and extensively drug-resistant tuberculosis (XDR-TB) has been reported in 64 countries [@bib0015]. The emergence and spread of drug resistance among pathogens not only resulted in an increasing number of human casualties but also incurs an enormous economic loss. In the USA alone, drug resistant bacterial infection has brought an annual loss of \$34 billion [@bib0020].

The alarming frequency of drug resistance among pathogens requires development of new drugs. However, the discovery and development of new drugs is a long and expensive process. Moreover, pathogens develop resistance against new drugs in a relatively short time. This possibly shortens the expected commercial life span (of the drugs) and therefore it has become less attractive for the big pharmaceutical companies to invest in search for and development of new antibiotics. Therefore, efficient and effective use of already existing antibiotics is essential. In this regard, combination antibiotics have been proven successful to increase drug efficiency and reduce the emergence of drug resistance [@bib0025]. Few studies have been focused on investigating the combined effect of non-antibiotic antibacterial agents and antibiotics against different pathogens [@bib0030]. However, studies on combined effects of bacteriocins and antibiotics on infectious microorganisms are still lacking.

Bacteriocins are non-antibiotic antibacterial agents and have been used in various applications. They have got use in biopreservation, shelf-life extension, control of fermentation microflora, etc. [@bib0035]. In recent years, bacteriocins are considered as alternative antibiotics and some of them have even been clinically studied [@bib0040], [@bib0045], [@bib0050]. It is known that microbial resistance to bacteriocin is relatively low. However, there are reports on resistance such as to nisin. The appearance of resistance and the possible mechanisms to develop the resistance against nisin, one of the most studied and commercialized bacteriocins have been reviewed by Zhou et al. [@bib0055]. Considering that nisin has been used for over 40 years, the reported microbial resistance is not significant and this property makes bacteriocins very interesting to use it in combination therapy. Haloduracin is a two-component novel lantibiotic bacteriocin produced by an alkaliphilic *Bacillus* [@bib0060], [@bib0065]. This lantibiotic is efficient against different Gram-positive bacteria even at very low concentration. Moreover, unlike many other bacteriocins such as nisin and lactostrepcins, it is operationally stable at physiological conditions, which makes it an interesting candidate for combination therapy with other antimicrobial agents.

Chloramphenicol has certain desirable properties such as it is a broad spectrum antibiotic, it diffuses efficiently in the body, and does not ionize at physiological condition [@bib0070]. However, the emergence of resistance to this antibiotic and its dose related toxicity that causes aplastic anemia, leukemia, bone marrow suppression and gray baby syndrome have restricted its use [@bib0070], [@bib0075], [@bib0080], [@bib0085]. Thus, formulations that increase the efficiency of chloramphenicol with concomitant reduction of its dose that can possibly avoid the severe side effects are important for efficient use of this remarkable antibiotic.

The present study deals with evaluation of the potential synergistic effect of haloduracin and chloramphenicol against Gram-positive pathogens with the aim of reducing the effective dose of chloramphenicol.

2. Materials and methods {#sec0010}
========================

2.1. Organisms {#sec0015}
--------------

The haloduracin producing organism, *Bacillus halodurans* was isolated in our laboratory [@bib0060]. While the test organisms used in this study were obtained from different sources. *Staphylococcus aureus* (CCUG 2354), *Staphylococcus aureus* (CCUG 15915), *Enterococcus faecium* (CCUG 36804), *Enterococcus faecalis* (CCUG 9997), Group A *Streptococcus* Type12 (CCUG 4207) and Group B *Streptococcus* (CCUG 4208) were obtained from Culture Collection of University of Göteborg. Strains of *Streptococcus* group G (ATCC 12394), *Streptococcus* group C (ATCC 12388) and *Bacillus subtilis* (ATCC 168) were purchased from American Type Culture Collection.

2.2. The antimicrobial compounds {#sec0020}
--------------------------------

Haloduracin was produced as described previously [@bib0060]. It was produced using solid-state fermentation and purified to homogeneity by hydrophobic interaction chromatography. The purified substance was analysed with mass spectrometry and MS/MS to confirm that it was haloduracin. Chloramphenicol was purchased from AB Bergman Labora AB (Danderyd, Sweden).

2.3. Antimicrobial activity {#sec0025}
---------------------------

The antimicrobial activities of haloduracin, chloramphenicol, and a combination of haloduracin and chloramphenicol have been studied against different clinically important microorganisms. *S. aureus* (CCUG 2354), *S. aureus* (CCUG 15915), *E. faecium* (CCUG 36804), *E. faecalis* (CCUG 9997), *Streptococcus* group G (ATCC 12394), *Streptococcus* group C (ATCC 12388), Group A *Streptococcus* Type12 (CCUG 4207) and Group B *Streptococcus* (CCUG 4208) were cultivated using tryptic soy broth (TSB). The overnight culture of each microorganism was diluted with fresh medium to final optical density (OD 600 nm, in 1 cm quvett) of 0.1. About 100 μl of the diluted culture was poured to microplate wells. Varying concentrations of chloramphenicol or haloduracin was then added to each well. The final volume of the culture and the antimicrobial agent solutions in the wells was 0.2 ml. Turbidity was measured by reading the cultures absorbance at 620 nm using microtiter plate-reader. The results given are averages of triplicate assays.

From a preliminary study it has been observed that haloduracin and ampicillin has no synergy against *B. subtilis*. Thus, a combination of haloduracin (5.4 μg/ml) and ampicillin (20 μg/ml) was used as a reference. The growth of the *Bacillus* cells in the presence of haloduracin (5.4 μg/ml) and 4 μg/ml of chloramphenicol was studied and the results compared to the reference. In addition, different concentrations of chloramphenicol ranging from 0.5 to 25 μg/ml were studied to determine the minimum concentration that can be used synergistically with haloduracin (5.4 μg/ml). To study the effect of haloduracin and chloramphenicol combination against pathogens, the minimum inhibitory concentrations were selected, after investigating the effect of a range of concentrations on each organism tested ([Table 1](#tbl0005){ref-type="table"}).

3. Results and discussion {#sec0030}
=========================

A wide variety of clinically important drug resistant pathogens are members of the Gram-positive bacteria and among these pathogens, *S. aureus*, *S. pneumonia* and *Enterococcus* are known to be global health threats causing significant public health concern. Thus, there has been a need for efficient treatment of infections caused by such bacteria. This study focuses on evaluating the use of antibiotic and bacteriocin in combination against strains of *S. aureus*, *Streptococcus* and *Enterococcus*.

From a preliminary screening study, we have seen that ampicillin and haloduracin do not exert any synergistic effect neither against Gram-positive nor Gram-negative bacteria (data not shown). [Fig. 1](#fig0005){ref-type="fig"} shows the difference in the combined effect of ampicillin and haloduracin (which did not exhibit synergy) and that of chloramphenicol and haloduracin. As shown in [Fig. 1](#fig0005){ref-type="fig"}a, after 8 h of cultivation the cultures grew to the same level of turbidity both in the absence or presence of the antimicrobial agents added separately or together. However, the cells did not grow even after 24 h of cultivation when haloduracin and chloramphenicol were used in combination ([Fig. 1](#fig0005){ref-type="fig"}b), whereas the growth patterns in presence of haloduracin or ampicillin were similar to that observed for the ampicillin and/or haloduracin containing cultures. This shows the synergistic effect of haloduracin and chloramphenicol against *B. subtilis* cells.

The results in [Fig. 2](#fig0010){ref-type="fig"} show the effect of varying concentrations of chloramphenicol alone or in the presence of 5.4 μg/ml haloduracin against *B. subtilis*. As shown in [Fig. 1](#fig0005){ref-type="fig"}, 5.4 μg/ml haloduracin (alone) did not have any effect on the bacterial growth. There was no significant growth inhibition when chloramphenicol alone was used up to 10 μg/ml. However, the bacterial growth was significantly reduced when 4 μg/ml of chloramphenicol was used together with haloduracin and a comparable level of growth inhibition was achieved when 20 μg/ml chloramphenicol (alone) was used. This shows the possibility of using significantly reduced amounts of chloramphenicol with haloduracin to effectively prevent infections by Gram-positive pathogens. Treatments of infection caused by Gram-positive pathogens are becoming very challenging [@bib0090]. Among this group of organisms, strains of *Staphylococcus, Streptococcus and Enterococcus* are on the top of the list [@bib0095]. In this study, two strains of *S. aureus,* two species of *Enterococcus* and four strains of *Streptococcus* belonging to group A, B, C and D were included. Since the sensitivity of these strains to antimicrobial agents is different, it was necessary to determine the concentrations of haloduracin and chloramphenicol that are close to the minimum inhibitory concentrations for each organism tested. The effect of different concentrations of the antimicrobial agents was studied and the concentrations chosen for further studies are shown in [Table 1](#tbl0005){ref-type="table"}.

As summarized in [Table 2](#tbl0010){ref-type="table"}, although the effect varies from strain to strain, there were synergistic effects with haloduracin-chloramphenicol combinations against all organisms tested. The synergy observed against *E. faecium* (CCUG 36804) was followed by that of *Streptococcus* group G (ATCC 12394) and *Streptococcus* (CCUG 4208) Group A strains. Relatively low synergistic effects were detected for *S. aureus* (CCUG 2354) and *E. faecalis* (CCUG 9997). In most cases the synergistic effect varied with the cultivation time. The efficacy decreased as the cultivation time was extended to 24 h, especially for *S. aureus* (CCUG 2354) and *E. faecalis* (CCUG 9997). However, the turbidity of the *E. faecium* was decreasing with increasing cultivation time.

One way of fighting the antimicrobial-resistance has been the use of antimicrobial agents in combination. In this study, the combined use of the relatively new active compound, haloduracin and the existing (phasing out) antibiotic, chloramphenicol has shown remarkable synergy against virulent strains of *Streptococcus, Staphylococcus* and *Enterococcus.* The observed synergistic effect implies that very low concentration of chloramphenicol can be used with haloduracin in topical applications.

The frequency of infections caused by *S. aureus* has reached an epidemic level and is expanding rapidly [@bib0100]. Meticillin-resistant *S. aureus* strains, which cause most of the skin and soft-tissue infections, are the major contributors for the epidemic [@bib0105]. On the other hand, enterococci are members of the commensal microflora in humans which often do not affect healthy individuals. However, enterococci are known for their opportunistic infections in immune compromised patients. Although most of these infections are caused by *E. faecalis*; *E. faecium* infection is a serious concern due to its multidrug resistance [@bib0110]. Pathogenic *Streptococcus* strains are known to cause different diseases. For example *Streptococcus pyogenes* (group A) is responsible for acute pharyngo-tonsillitis and the frequency of drug resistance among strains of these pathogens is increasing [@bib0115]. *Streptococcus faecalis* (group D) strains cause urinary tract and root canal infections. *Streptococcus agalactiae* (group B) is the common cause of meningitis and pneumonia in neonatal and elderly people. The major killer among the *Streptococcus* strains is the drug resistant *S. pneumoniae* which causes pneumonia [@bib0120]. The activity of haloduracin against these strains of microorganisms is interesting as it can potentially be used alone or in combination with any other antimicrobial agent to treat topical infections caused by Gram-positive pathogens.

Chloramphenicol is one of the most widely used topical antibiotics applied commonly to suture lines and skin grafts and other wounds. However, topical applications of chloramphenicol have been associated with different health problems [@bib0125], [@bib0130], [@bib0135], [@bib0140]. Thus, the synergistic effect of haloduracin and chloramphenicol can allow the use of haloduracin and low dose of chloramphenicol in topical applications. As most drug side effects are dependent on the dose, reduction of the cholramphenicol dose can help to minimize and limit its side effects.

As drug resistance among pathogens is becoming more prevalent against conventional antibiotic treatments, the use of non-conventional antimicrobial agents is being considered as alternatives. In this line, bacteriocins have shown great potential in the fight against antibiotic resistant pathogens [@bib0145], hence the observed haloduracin and chloramphenicol synergy is attractive for the treatment of infections caused by Gram-positive pathogens. Further studies on formulation and application of these two antimicrobial agents is expected to shed some light on treatment of drug-resistant pathogens and possibly open a new area of combined topical treatment using antibiotics and other antimicrobial peptides including bacteriocins.

Haloduracin has two components, Halα and Halβ, which work synergistically against Gram-positive bacteria [@bib0150]. Halα binds to lipid II and impairs the bacterial cell wall synthesis. Moreover, it is proposed that the binding of the Halα to lipid II facilitates the binding of Halβ and form a membrane pore forming trimeric complex that kills the bacteria. On the other hand, it is known that chloramphenicol irreversibly binds to bacterial ribosome thereby inhibiting protein synthesis. Although the exact mechanism of synergy between haloduracin and chloramphenicol is yet to be explained, it is tempting to propose that it may be partly due to the pore formation that leads to loss of amino acids that further slow down protein synthesis and a faster influx of chloramphenicol through the pore formed by the trimeric complex.

4. Conclusion {#sec0035}
=============

The combined use of chloramphenicol and haloduracin has shown remarkable synergistic effects against clinically important bacteria. The reduced concentration of chloramphenicol is expected to avoid the severity of administrating this antibiotic. These findings may open a new window of research on combined use of different antibiotics and bacteriocins against clinically important pathogens including drug resistant strains.
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![The effect of haloduracin and antibiotics against *B. subtilis*. (a) The combined use of lantibiotic (5.4 μg/ml) and Ampicillin (20 μg/ml) which did not show any synergistic effect. (b) The combined use of lantibiotic (5.4 μg/ml) and chloramphenicol (4 μg/ml) which acted synergistically. Culture of *B. subtilis* (ATCC168) in only tryptic soy broth (●, dashed line), and in presence of haloduracin (▲, dashed line), in presence of ampicillin (◊) or chloramphenicol (◊) and in presence of both haloduracin and antibiotic (■).](gr1){#fig0005}

![The effect of haloduracin and different concentrations of chloramphenicol against *B. subtilis* (ATCC168). Culture turbidity of *B. subtilis* after 24 h of cultivation in presence of different concentration of chloramphenicol (▲) or in combined presence of haloduracin (5.4 μg/ml) and different concentration of chloramphenicol (■).](gr2){#fig0010}

###### 

Concentrations of chloramphenicol and haloduracin selected for the synergistic effect study.

Table 1

  ---------------------------------------------------------------------------------
  Organism                                        Chloramphenicol\   Haloduracin\
                                                  (μg/ml)            (μg/ml)
  ----------------------------------------------- ------------------ --------------
  *Staphylococcus aureus* (CCUG 2354)             5                  5.4

  *Staphylococcus aureus* (CCUG 15915)            4                  5.4

  *Enterococcus faecium* (CCUG 36804)             10                 4.3

  *Enterococcus faecalis* (CCUG 9997)             4                  6.5

  Group G *Streptococcus* (ATCC 12394)            2                  2.2

  Group C *Streptococcus* (ATCC 12388)            1.5                2.5

  Group A **Streoptococcus* Type12* (CCUG 4207)   1.5                2.2

  Group B *Streptococcus* (CCUG 4208)             3                  2.2
  ---------------------------------------------------------------------------------

###### 

The antimicrobial effects of haloduracin, chloramphenicol, and haloduracin-chloramphenicol combinations against clinically important bacteria. The concentrations of the antimicrobial agents used in this study are indicated in [Table 1](#tbl0005){ref-type="table"}. The values in the table are the percentage figures generated from the ratio of the culture optical density containing the antimicrobial agent to the culture optical density of the negative control. Value = 100 × (Abs~of\ the\ sample~/Abs~of\ the\ Negative\ control)~.

Table 2

  ------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cultivation time (h)         Haloduracin   Chloramphenicol   Haloduracin plus chloramphenicol                                                     
  ---------------------------- ------------- ----------------- ---------------------------------- -------- ---------- --------- --------- --------- ----------
  *Streptococcus* (group A)\   83 ± 13       95 ± 20           126 ± 7                            79 ± 4   74 ± 3     76 ± 7    29 ± 12   32 ± 18   36 ± 22
  Type 12 (CCUG 4207)                                                                                                                               

  *Streptococcus* (group B)\   97 ± 4        117 ± 1           107 ± 1                            76 ± 3   90 ± 5     87 ± 3    32 ± 1    27 ± 2    30 ± 0.5
  (CCUG 4208)                                                                                                                                       

  *Streptococcus* (group C)\   111 ± 5       116.5 ± 3         121 ± 2                            63 ± 3   63 ± 2     64 ± 4    19 ± 1    31 ± 5    46 ± 1
  (ATCC 12388)                                                                                                                                      

  *Streptococcus* (group G)\   78 ± 11       104 ± 5           107 ± 4                            39 ± 2   51 ± 2     59 ± 2    12 ± 1    14 ± 3    26 ± 12
  (ATCC 12394)                                                                                                                                      

  *Enterococcus faecium*\      73 ± 10       82 ± 7            80 ± 6                             89 ± 1   80 ± 2     79 ± 2    12 ± 2    6 ± 0.5   5 ± 1
  (CCUG 36804)                                                                                                                                      

  *Enterococcus faecalis*\     97 ± 7        102 ± 4           135 ± 3                            76 ± 6   81 ± 4     101 ± 5   20 ± 3    27 ± 4    71 ± 11
  (CCUG 9997)                                                                                                                                       

  *Staphylococcus aureus*\     68 ± 1        84 ± 2            85 ± 2                             68 ± 2   80 ± 0.1   79 ± 4    44 ± 2    49 ± 1    52 ± 4
  (CCUG 15915)                                                                                                                                      

  *Staphylococcus aureus*\     80 ± 6        87 ± 1            87 ± 6                             71 ± 1   80 ± 3     80 ± 2    32 ± 3    37 ± 5    73 ± 9
  (CCUG 2354)                                                                                                                                       
  ------------------------------------------------------------------------------------------------------------------------------------------------------------
